The influence of fluorine substitutions on the stability of benzene is examined by using the Hartree-Fock (HF) and MP2 models. It is conclusively demonstrated that homodesmotic reactions based on the open-chain zigzag polyenes are unsatisfactory. A comparison of the intramolecular interactions of educts and products shows that they are not well balanced. Hence, these reactions should be abandoned in discussing aromaticity. A much better vehicle for exploring aromaticity is provided by homostructural reactions, which employ cyclic monoene and diene as reference model compounds. Their heavy atoms are enforced to assume planar geometries to enable σ/π separation. The HF/cc-pVTZ calculations show that extrinsic aromaticity of benzene B ∆E(ease) B arises both from the σ-and π-contributions. They are -14.8 and -23.1 in kcal/mol, respectively, if the stockholder energy partitioning scheme is employed. This result implies that both the σ-and π-frameworks contribute to the aromatic stabilization of B, the latter being more important. The total aromatic stabilization ∆E(ease) B is -37.9 kcal/mol. Schleyer's indene-isoindene isomerization approach also strongly indicates that the decisive factor in determining the aromatic stability of the benzene moiety is the π-electron framework. The origin of extrinsic aromaticity is identified as the increased nuclear-electron attraction of both σ-and π-electrons, if 1,3-cyclohexadiene is used as a gauge compound. Further, by using a system of isostructural reactions, it is conclusively demonstrated that fluorobenzenes exhibit a remarkable additivity of the substituent effects, as far as the stability of multiply substituted benzenes is concerned. This additivity rule is so accurate that it enables delineation of the fluorine repulsions and the aromaticity defect ∆E(AD). It appears that the ∆E(AD) values increase upon sequential fluorine substitution at the next nearest (vicinal) position thus making multiply fluorinated benzenes less stable.
Introduction
The empirical notion of aromaticity is one of the cornerstones of organic chemistry, inorganic chemistry, and biochemistry. In view of its tremendous practical importance, it is very unfortunate that aromaticity cannot be rigorously defined. Namely, aromaticity is not an observable (a measurable quantity) and there is no quantum mechanical operator which would enable its exact definition and determination. Hence, aromaticity remains hidden and elusivesjust like its counterpart antiaromaticity, or hybridization and electronegativitysdespite its indirect and numerous experimental manifestations, be they structural, magnetic, or energetic features. It follows that the extent of aromatic stabilization of various compounds can be estimated only by selecting some nonaromatic reference systems, which are more or less arbitrary. Dewar and co-workers 1, 2 argued that acyclic polyenes were ideal gauge molecules, since they were free of cyclic conjugation and exhibited additivity in their enthalpies of formation. In other words, open chain polyenes behave as if they were perfectly localized π-systems. This viewpoint was predominantly adopted by a majority of researchers for decades, using various arguments originating from the early π-electron theories of the electronic structure of planar molecules, to the most recent all-electron ab initio methods. A particularly useful concept in this respect was put forward by George and co-workers, [3] [4] [5] [6] by the so-called "gedanken" homodesmotic reactions, which have faithfully served chemistry until nowadays. Within this conceptual framework the aromaticity of closed π-electron rings was defined by using the linear zigzag polyenes as gauge systems. An alternative approach was offered by Kistiakowsky et al. 7, 8 based on successive hydrogenation of the paradigmatic benzene, leading to 1,3-cyclohexadiene and cyclohexene as the end products and consequently as the nonaromatic reference compounds. Historically speaking, the first researcher who found unusual stability of benzene in the hydrogenation experiments, and who should get credit for this finding, was Stohmann. 9, 10 The list of molecular properties affected by aromaticity is rather long, leading to different scales of this elusive feature and to some controversies corresponding to different personal preferences. [11] [12] [13] [14] A general consensus seems to be that there is no generally acceptable definition of aromaticity, which would put all aromatic compounds on the same ladder, particularly if various molecular properties were considered. 14, 15 This is not surprising since different molecular properties probe different portions of the electron distribution in molecules. Two most important criteria of aromaticity are given by the magnetic [16] [17] [18] [19] [20] [21] [22] [23] [24] and thermodynamic properties. [3] [4] [5] [6] Structural features should be mentioned too. 25, 26 The physical origin of aromaticity is also a matter of dispute even in the archetypal benzene. The fact that aromaticity is always connected to conjugated cyclic π-systems, coupled with the fact that π-electrons are weakly bound and highly mobile, has led to a widely accepted traditional opinion that aromatic stabilization is a consequence of the π-electron network. The Hückel molecular orbital (HMO) formalism in its simplest original form 27, 28 provided theoretical support to this intuitive notion. 29, 30 However, there were alternative views starting as early as 1959 by Longuet-Higgins and Salem and others, [31] [32] [33] [34] [35] [36] which have culminated by a series of papers of Shaik, Hiberty, Jug and others, [37] [38] [39] indicating that aromaticity and D 6h symmetry of benzene arose due to its σ-electron framework. Recently, we have shown, by using the concept of homodesmotic reactions, [3] [4] [5] [6] that if the linear zigzag polyenes were taken as traditional reference nonaromatic systems, then several interesting conclusions would straightforwardly follow. 40 First, the aromaticity of benzene can be estimated at the HartreeFock (HF) level, since the electron correlation and zero point vibrational energy effect cancel to a large extent. Within this context it was shown that Dunning's correlation consistent basis set of the cc-pVTZ 41 quality yielded results close to infinite basis (IB) set. Further, the aromatic stabilization of benzene does not depend on the particular selection of the open chain zigzag polyene as a reference system. In other words, aromaticity is invariant to the choice of the homodesmotic reactions in a semiquantitative sense, provided their specific subclass based on the zigzag polyenes is used as a gauge. Finally, it was pointed out that it was impossible to separate the σ-and π-interactions either a priori or a posteriori (i.e. after the all-electron ab initio calculations) in an unambiguous way, because the σ-and π-electrons are coupled by the V ee σπ and V nn repulsion terms. The latter is particularly difficult to resolve into the σ-and π-components, since it only implicitly depends on the σ-and π-electron densities via Born-Oppenheimer (BO) potential energy (hyper)surfaces (PES). However, a simple stockholder criterion was offered as a possible solution, since it was capable of taking into account a large difference in the number of the σ-and π-electrons in aromatic systems. A careful analysis performed within the described framework has shown that the aromatic stabilization of benzene was a result of the more favorable σ-type interactions. The energetic terms leading to the aromatic stabilization were more favorable repulsions between the electrons and between the nuclei compared to open chain zigzag polyenes.
Building on these results and continuing our ongoing investigations of aromaticity and antiaromaticity, we felt it worthwhile to extend analysis to alternative homodesmotic reactions and to substituted benzenes, in order to elucidate the influence of a large variety of substituents on the stability of this aromatic system par excellence. The first explored substituent is fluorine, since it is highly electronegative and has a distinct advantage that its steric demands are very modest due to its small size. Our analysis of fluorinated benzenes is based on several types of homodesmotic and isomerization reactions focusing on the energetic properties. The present report describes some unexpected findings obtained during this study, which seem to have far reaching consequences.
Theoretical Framework
The theoretical model used is the HF approach employing Dunning's cc-pVDZ and cc-pVTZ basis sets. According to our earlier results, 40 this model should provide a reasonable description of aromaticity in benzene systems. However, a brief comment on the influence of the electron correlation estimated at the MP2 level and the zero point vibrational energies (ZPVE) calculated by the HF model will be made. As a final remark, it should be mentioned that the HF energies are scaled in order to satisfy virial theorem, if not stated otherwise. All calculations have been carried out by using GAUSSIAN 03 code. 42 
Results and Discussion

Homodesmotic Reactions with Linear Polyenes.
The fluorinated benzenes 1-6 studied here are depicted in Figure 1 together with ethylene 7 and 1,3-butadiene 11, as well as their fluoroderivatives to be used in homodesmotic reactions 1-7 defined below. The parent compound benzene, serving as a reference, is denoted by B. The system of homodesmotic reactions based on the zigzag polyenes reads
Here E(ease) B denotes the extrinsic aromaticity of benzene, which implies that the π-electron topology is changed in the course of reaction. 43 It is important to keep in mind that the energetic stabilization is defined as negative quantity. An increase in stability means a decrease in ∆E value, i.e., more negative ∆E value and vice versa. The changes in the HF energies ∆E(n), in homodesmotic reactions 2-7, where n ) 1-6, cannot be ascribed to the aromatic stabilization of the fluorine substituted benzenes alone. Namely, they also involve through-space interactions of the vicinal F atoms as e.g. in 2 and some other interactions. An exception is given by the monofluoro derivative 1, where a difference ∆E(1) -E(ease) B does give a change in the aromatic stabilization upon substitution. The changes in the total HF energies will be discussed in terms of the energy component analysis, which requires the σ/π separation. The latter is expounded here in some more detail, since it is essential for the understanding of the forthcoming results. It should be noted that the use of cis-1,3-butadiene instead of its trans isomer would introduce a bias in the σ/π partitioning in fluorinated derivatives due to considerable mixing of the σ and π AOs. On the other hand, enforced planar cis-1,3-butadiene configuration would include undesirable repulsion, which is not present on the left side of eq 1. We shall come to this point again later on. The total HF energy is given by where E(T) HF denotes kinetic energy, whereas V HF is
Here V ne , V ee , and V nn stand for the nuclear-electron attraction, electron-electron repulsion, and nuclear-nuclear repulsion, respectively. The first terms in eqs 8 and 9, E(T) HF and V ne , B + 3(7) ) 3(11) + E(ease) B (1)
2 + 2(7) + (9) ) 11 + 2(14) + ∆E(2) (3)
respectively, are easily resolved into the σ-and π-contributions in view of the one-electron character of operators T and 1/r ne . However, V ee and V nn involve pairwise interactions which cannot be uniquely decomposed into σ-and π-parts. The electron repulsion energy V ee ) V ee σσ + V ee σπ + V ee ππ involves the V ee σπ term, which couples the σ-and π-electrons through mutual Coulomb interaction. In our previous work 40 we suggested a stockholder (SHR) partitioning of the mixed term as an appropriate procedure to disentangle σ-and π-interactions.
Here n σ and n π signify the number of σ-and π-electrons, respectively, whereas N ) n σ + n π . Although the stockholder partitioning is simple and appealing, it is by no means sacrosanct or the only possible one. The mixed V ee σπ term can be divided for instance 50:50 yielding V ee σ ) V ee σσ + (1/2)V ee σπ and V ee π ) V ee ππ + (1/2)V ee σπ thus giving rise to the equipartition scheme (EQP). Although the latter does not account for the large disparity in the number of σ-and π-electrons, it offers the advantage that the analysis solely requires the HF orbital energies, which can be distinguished by the σ-and π-symmetry.
Turning to the nuclear repulsion energy V nn , it is important to realize that the decompositions of V ee and V nn should be consistent. There should be one-to-one correspondence between electrons and positive charges (protons) in the nuclei. Hence, the total nuclear charges are split into partial positive charges attributed to the σ-and π-framework in such a way that they equal in magnitude the number of the σ-and π-electrons, respectively, belonging to the neutral atom in question. Specifically, for the planar compounds depicted in Figure 1 we have
The intranuclear repulsion between partial σ-and π-charges is set equal to zero for obvious reason. The decomposition of V nn σπ should in principle proceed analogously to that adopted for the mixed electronic term V ee σπ . However, in view of the large difference in the σ-and π-nuclear partial charges, the stockholder partitioning of the V nn σπ term is employed even for the EQP scheme. The equipartition of the V nn σπ term would lead to unrealistic results.
To this end it was implicitly assumed (i) that there is an unambiguous distinction between σ-and π-orbitals and (ii) that the σ-and π-orbital interactions are relatively small compared to other terms.
Conceptually, the π-and σ-orbitals are distinguished by means of the local symmetry with respect to the diatomic bond, as already expressed in the conventional chemical structure formulas of e.g. CO and N 2 molecules. In polyatomic molecules the canonical HF orbitals are solutions of an eigenvalue problem, which allows for a strict σ/π separation of delocalized MOs by the irreducible representations of the molecular point group, provided there is a plane of symmetry. In this case the local and molecular symmetries fall in line and strict σ/π distinction of the molecular orbitals is guaranteed. Although small perturbations of the planar molecular fragment by a nonplanar substituent like e.g. the CH 3 group in toluene can be treated within the same theoretical framework, strict σ/π separability by symmetry is lost. In this particular example, however, it is still possible to assign individual MOs either to σ-or to π-orbital space in a meaningful way by enforcing the C s symmetry (vide infra). In general, a degree of delocalization of MOs depends solely on the Fock matrix elements and there is a gradual transition from the ideal σ/π separation of orbitals to their strong mixing. Hence, in considering homodesmotic-like reaction energies, assignment of individual MOs of nonplanar molecules (10) to π-and σ-orbital space may give rise to considerable bias. Note that σ/π orbital mixing may result from large coupling elements in the Fock matrix as well as from accidental neardegeneracy of the weakly interacting molecular substructures. It should be kept in mind that the concept of σ/π separation is justified only in the latter case. Finally, it should be recalled that the conventional π-electron theory invokes the σ/π separability from the outset through a particular choice of Hamiltionian 44 thus yielding the standard π-scheme (SPI). It implies that the mixed V ee σπ term is ascribed to the π-electron framework, while the nuclear repulsion energy is completely assigned to the σ-framework, which in our view is rather arbitrary. Hence, in the following we shall primarily refer to our preferred SHR partitioning scheme.
Notice that for molecules involved in homodesmotic reactions 1-7 a strict σ/π distinction is possible, because all systems are planar. Since molecules considered are at the optimized HF equilibrium geometries, the virial requirement 45-47 was imposed on their HF energies. The numerical results of the energy partitioning analysis on HF/cc-pVDZ model are given in Table  1 .
The first general conclusion to be drawn is that stability of compounds 1-6 decreases upon F substitution from ∆E (1) Table 1 reveals that the stability of 1 relative to open chain polyenes given by eq 2 arises due to the enormously increased nuclear-electron attractions ∆V ne σ and ∆V ne π (in absolute value) for both σ-and π-electrons. On the contrary, the ∆V ee σ and ∆V nn σ terms of the σ-framework become strongly destabilizing factors, which is diametrically opposite to the parent benzene case. This abrupt and dramatic change in the overall picture caused by single F substitution calls for caution. The question arises whether there is something wrong with the underlying system of homodesmotic reactions, or with the energy component analysis. This will be at the focus in the main body of the paper. It appears also that interpretation of the result obtained by eq 2 represents a fluctuation. Namely, in the rest of the substituted molecules 2-6 the stabilization energy is a result of the more favorable σ-interactions due to a strongly pronounced preference of the ∆V ee σ and ∆V nn σ terms. In other words, a dramatic decrease in the σ-electron repulsions and in the σ-share of the nuclear repulsions leads to stabilization of the polyfluorinated benzenes relative to the corresponding zigzag fluorinated polyenes. It follows as a corollary that the system of eqs 1-7 does not exhibit a regular pattern in describing the fluorine substitution effect.
In view of the peculiar behavior of the monofluorinated benzene 1 compared to parent benzene, we tried several other homodesmotic reactions based on the open chain polyenes. However, the final conclusion was always the same: the stabilization was a consequence of the strong increase in the nuclear-electron attraction of both σ-and π-electrons in 1, just like in the case of eq 2 leading to overall predominance of the π-interactions as a net result. Obviously, the linear open chain polyenes used as reference compounds cannot offer a consistent picture of the aromaticity in fluorosubstituted benzenes, which strongly indicates that the intramolecular interactions are not well balanced in homodesmotic reactions 1-7. For example, the use of 3-fluorohexatriene and 4-fluorooctatetraene gave ∆E(1)′ and ∆E(1)′′ stabilization energies of -22.7 and -22.3 kcal/mol, respectively, at the HF/cc-pVTZ level with the same outcome of the energy partitioning analysis. An important clue in a pinpointing the reason behind a failure of eqs 1-7 is given by Schleyer's protobranching concept, which is based on the 1,3-protobranching attractive interactions as a consequence of the electron density fluctuations (dispersion forces). 48 It seems that imbalance of 1,3-interactions is the main cause of their inadequacy. In particular, the 1,3-interactions in trans-1,3-butadiene involving CH 2 groups in the products are not matched in the educts (i.e. benzene and ethylenes in eq 1 and their fluorinated derivatives in the remaining equations). It is also conceivable that the long-range nuclear repulsions of the CH 2 in trans-1,3-butadiene and its monofluoro derivatives are not balanced in the left sides of eqs 1-7.
Hence, alternative systems of specific homodesmotic reactions should be found, which are better suited for description of the aromatic stabilization. Our efforts in this directions are described in the next section.
Homostructural Reactions with Cyclic Polyenes.
There are several systems of conceived reactions, which lend themselves as viable alternatives. Starting with the parent benzene, we shall examine eqs 11-13, which were suggested by Schleyer and co-workers as better measures of aromaticity. 49,50 Let us consider eq 11 first:
Here, 19, 20, and 21 stand for cyclohexene, 1,3-cyclohexadiene, and cyclohexane (Figure 2 ), respectively. The idea behind gedanken chemical reactions is that they are appropriately balanced so that the reaction energies almost solely represent the effect under scrutiny, while all other effects are canceled at least to a large extent. It is important to notice in this respect that eq 11 preserves the number of protobranching 1,3-interactions, which is equal left and right. Moreover, the hyperconjugative interactions between the CH 2 groups and π-bonds are balanced too.
This type of homodesmotic reaction was termed homomolecular by Chesnut and Davis 51 meaning that the same ring structures left and right are involved. Hence, it is expected that the strain energy cancels to a great extent. Perhaps the name homostructural reactions would be more fitting. Namely, if the structures of educts and products are very similar, then a strong semblance in their density distributions and bonding can be expected. This does not mean that all features are exactly matched left and right, since in this case the equation would lose its meaning. A close examination of the type of chemical bonds of compounds entering eq 11 reveals that 6[C(sp 2 ),C-(sp 2 )] bonds of the benzene ring left, are compared with three essentially localized double 3[C(sp 2 )dC(sp 2 )] bonds on the right-hand side, which are accompanied by the 3[C(sp 2 )-C(sp 2 )] single bonds. The difference in energy ∆E(ease)′ B is exactly the feature we would like to examine and which is called aromaticity. Since the bond lengths of the benzene ring
, reaction 11 is not isostructural, but homostructural instead.
There are two ways in which eq 11 can be employed. The first is to optimize all structures of the compounds involved. This has a serious drawback that the π AOs in 19 and 20 mix considerably with the σ CC AOs due to nonplanarity and the σ/π separation is not possible even at the initial orbital level. In order to overcome the σ/π separability problem in nonplanar molecules as much as possible, compounds 19, 20, and 21 are artificially constrained to conform to planar symmetry (point group C s ) by placing the heavy atoms in the symmetry plane. The number of their electrons contributing to the σ-and π-frameworks is given by the number of occupied atomic orbitals of a′ and a′′ symmetry, respectively. Here the single and double prime denote symmetric and antisymmetric behavior of the heavy atom AOs upon reflection in the symmetry plane, respectively. Similarly, the linear combination of the out of plane H atom AOs a′ and a′′ can be constructed. Relying on the common sense, the positive partial nuclear charge assigned to the σ-and π-frameworks of a particular heavy atom equals the corresponding numbers of the σ-and π-electrons in the conceived initial promolecule picture. 40 Hence, for the heavy atoms placed in the molecular plane it is equal to the conventional partitioning outlined above. The nuclear charge of hydrogens, located in the out of plane CH 2 groups e.g. in cyclohexadiene or cyclohexane, is equipartitioned between the σ-and π-frameworks, combinations, respectively, which belong to the σ-and π-systems accordingly. Consequently, each hydrogen nucleus contributes 1/2 of the proton charge to the σ-and π-frameworks. Evidently, this procedure results in artificial contributions of the σ-bonds (C-H bonds of the CH 2 groups) to the π-space. Hence, this model is not applicable to an isolated molecule. However, it is quite useful in analyzing energies of the homodesmotic reactions provided the amount of the σ-contributions to the π-space remains (approximately) constant in educts and products. It should be mentioned that the use of artificial planar structures for 19, 20, and 21 compounds involved in eq 11 not only allows for the σ/π separation of MOs in a sense that they can be distinguished by symmetry but also ensures that the results are invariant to the orthogonal transformations within the σ-and π-MO manifolds. This is an advantage enabled by the theoretical modeling, and it is acceptable as long as the model homostructural reaction 11 has well balanced interactions between the CH 2 groups themselves and with the π bonds in the educts and products. Importantly, the latter implies that the number of hyperconjugative interactions in eq 11 is balanced and cancels out. Another possibility is offered by Schleyer's idea of isomerization: 49 Here, the ∆E(12) of toluene should be practically identical to that of benzene (apart from hyperconjugation of the CH 3 group) being measured against the 5-methylene-1,3-cyclohexadiene isomer ( Figure 2 ). It should be mentioned that toluene in our model calculation is forced to assume C s symmetry (i.e. one C-H bond from methyl group is in the plane of benzene ring). In this way we do not only enable a reasonable σ/π separation, but also mimick much better the CH 2 group in 5-methylene-1,3-cyclohexadiene.
A more recent suggestion is given by the isomerization stabilization energy (ISE) of the indene-isoindene isomers (Figure 2 ): 50 The structural similarities between indene and isoindene are obvious.
Finally, it should be mentioned that the aromatic stabilization of B, estimated by eqs 11, 12, and 13, is extrinsic aromaticity, since the topology of the π-electron network is changed in the course of reaction. It is obvious that the energies derived from equations including model compounds in nonequilibrium geometries were not constrained to satisfy virial theorem.
Inspection of eqs 11, 12, and 13 shows that only the first one enables sequential fluorination of benzene ending up in hexafluorobenzene. This is not possible for toluene and indene involved in eqs 12 and 13. Consequently, the latter two equations will be only briefly considered here deferring a detailed discussion of the fluorosubstituted derivatives to one of the forthcoming papers. The aromatic stabilization of the benzene moiety according to eqs 12 and 13 is ∆E (12) (12) and ∆E(13) is that in both cases aromaticity is a consequence of the more favorable π-framework.
Let us consider results obtained by eq 11. They are presented in Table 2 -122.1 [-128 .0] kcal/mol. These results are intuitively appealing, because they are in harmony with our notion that the molecular stability is a consequence of the prevailing attractive interactions, i.e. by the increased nuclearelectron attractions.
In conclusion, summarizing results obtained by eqs 11-13 it is fair to say that the extrinsic aromatic stabilization of benzene is predominantly a consequence of the more favorable π-electron system.
Findings derived by homostructural reaction 11 are in direct contradiction with results obtained by analysis of aromaticity based on eq 1 involving linear polyenes as reference nonaromatic compounds. 40 According to previous analysis aromaticity of B was a result of the more favorable σ-framework and the most important contribution to its stabilization was an advantageous decrease in V ee σ and V nn σ repulsions according to SHR and EQP partitioning recipes. We conclude that eq 11 offers a better definition of aromaticity of B than eq 1, since it includes homostructural molecules left and right thus being more balanced. These results corroborate arguments put forward by Schleyer et al. 49, 50 The failure of eq 1 can be traced down to the fact that it is not homostructural, since a ring compound is compared to a linear polyene. Their intramolecular interactions widely differ, because polyene cannot successfully model interactions between non-nearest neighbor atoms and bonds distributed along the cyclic perimeter. Moreover, eq 11 has balanced 1,3-interactions, which are not conserved in eq 1. Concomitantly, the aromatic stabilization of B ∆E(ease)′ B of -38.3 kcal/mol should be considered a better estimate of the aromaticity of benzene than ∆E(ease) B of approximately -22 to -24 kcal/mol, obtained by linear polyenes via eq 1. 40 Once the aromaticity of B ∆E(ease)′ B is determined, its change induced by fluorination can be straightforwardly estimated according to reactions 14-19: where 22 is the monofluoro derivative of 20 substituted at position 2 ( Figure 2 ). It should be noticed that ∆E(n)′ (where n ) 1-6) gives the change in stabilization caused by successive fluorination at the nearest next position. It is determined relative to the aromatic stabilization ∆E(ease)′ B of benzene. This is easily checked by considering for example 1 and the corresponding eq 14, which should be compared with fluorobenzene 1 related to cyclic polyenes only (i.e. without benzene) according to eq 20:
It should be noted that prime and double prime in eqs 19 and 20 have nothing to do with the symmetry notation a′ and a′′. A combination of eqs 11, 14, and 20 yields Analogous relations hold for polysubstituted benzenes. In other words, two systems of reactions, one defined by eqs [14] [15] [16] [17] [18] [19] and the other by eq 22, where n ) 1-6, are equivalent, the difference being the stabilization energy of benzene ∆E(ease)′ B taken as a reference value, which is useful to keep in mind.
The component energy analysis of ∆E(n)′ values is given in Table 2 . Perusal of the data shows that ∆E(n)′ values are 0. stabilization of B is -38.3 [-37 .9] kcal/mol, it appears that all ∆E(n)′′ values are negative, but one for n ) 6. Hexafluorobenzene is slightly destabilized system (by 3.1 [1.1] kcal/mol), although even in this case 6 still has some intrinsic aromatic stabilization, which is overshadowed by the F,F repulsions, as it will turn out later. Further, decreased stability of fluorinated benzenes relative to the parent benzene is a result of the destabilized σ-framework according to SHR and EQP schemes, whereas the standard π-partitioning SPI indicates the opposite as usual, implying that the π-framework is the origin of the destabilization effect upon fluorination. It is of interest to examine particular energy terms within the SHR scheme in some more detail. Since 1 exhibits a singular behavior, we shall postpone its discussion to a later stage. In fluorobenzenes 2-6 the stabilizing factors are nuclear-electron terms ∆V ne σ and ∆ V ne π just like in the parent B. An additional stabilizing energy component is the kinetic energy of σ-electrons. Its influence increases with the number of F atoms, meaning that the ∆T σ increases in its absolute value. In contrast, the kinetic energy of π-electrons is a destabilizing factor, since its numerical value increases with the number of F atoms. The sum ∆T σ + ∆T π becomes more negative with the increased number of F atoms and with the improved flexibility of the basis set as exemplified by the HF/cc-pVTZ results. We shall concentrate next on the ∆V ee and ∆V nn terms, which depend on the partitioning schemes. Let us come back to the case of fluorobenzene 1 now. The energy components are easily understood, if eq 21 is invoked. The latter shows that ∆E(1)′ is a difference between two large numbers. It appears that for example ∆T σ (1)′′ is by 1.3 kcal/ mol larger than ∆T σ (B), whereas ∆T π (1)′′ is by 3.0 kcal/mol lower than the corresponding value in benzene ∆T π (B)′. This explains their unusually low values and opposite signs compared to all other di-and polysubstituted fluorobenzenes. Similarly, ∆V ne σ (1)′′ -∆V ne σ (B)′ is positive, yielding 523.9 kcal/mol, which differs in sign compared to other fluorobenzenes too. The reason behind this is that ∆V ne σ (1)′′ is in fact a negative quantity (-2531.1 kcal/mol), but ∆V ne σ (B)′ in benzene assumes an even lower value (-3055.0 kcal/mol). It follows that peculiar energy components ∆E(1)′ are a consequence of the fact that they are measured against their counterparts in benzene. In polysubstituted fluorobenzenes the influence of the reference benzene terms plays a less important role and a simple and regular pattern of energy changes occurs.
A brief discussion of the ∆E(n)′′ energies obtained by eq 22 is illuminating in this respect. Their values are easily deduced 
from ∆E(n)′ and ∆E(ease) B ′ energies given in Table 2 . The same holds for their energy components. Both cc-pVDZ and cc-pVTZ basis set HF model calculations show that the stabilizing ∆E(n)′′ energies for n ) 1-5 are a consequence of the π-electron framework. The σ-framework is destabilized by the fluorine substitution(s), which is plausible and intuitively clear, since the strong perturbation takes place in the σ-plane, while the π-network is perturbed to a lesser extent. In the hexafluorobenzene 6 the σ-framework prevails and ∆E(n)′′ becomes slightly positive, i.e. destabilizing. To conclude this section, let us just mention that the use of nonplanar cyclohexadiene and cyclohexene compounds in homostructural reactions makes the σ/π separation very difficult. The unambiguous distinction between the σ-and π-orbitals is not possible. The canonical HF MOs tend to be delocalized over the entire molecules leading to a strong mixing of localized or semilocalized π-and σ-orbitals. Although their mixing does not necessarily imply strong σ/π interactions, it renders canonical HF orbitals useless in providing unique and balanced decomposition of the electron density into the σ-and π-components, not to mention additional ambiguities given by partitioning of the V nn term.
3.3. The Effect of Fluorination on Aromaticity: Isostructural Reactions. It would be useful to delineate the throughspace interaction of the fluorine atoms from the changes in aromatic stabilization of the benzene moiety. For this purpose we shall consider ortho, meta, and para disubstituted fluorobenzenes denoted by 2, 23, and 24 (Figures 1 and 3) , respectively. We shall show that the substituent effects in fluorobenzenes follow an interesting additivity rule in terms of two-body (two F atoms) interactions. The increments describing ortho, meta, and para effects mediated by the aromatic fragment and by the direct through-space interactions are given by isostructural reactions 23-25: where o, m, and p have the obvious meanings. The term isostructural reaction implies that the spatial structures of educts and products are virtually the same apart from some tiny details. In order to extend the family of polyfluorinated benzenes 3-6, some additional members 25-28 ( Figure 3) are examined too. The corresponding isostructural reactions read It will become obvious that the substituent effects measured against the monofluorobenzene 1 and defined by eqs 26-33 are almost accurately additive according to the formula where summation over R is extended over all possible increments (R ) o, m, p) in a polysubstituted benzene for n > 2. In other words, there are three types of interactions between two substituted fluorines depending on their relative ortho, meta, and para positions and the total substituent effect is a sum of all possible pair-interaction energies given by increments I o (F, F)′′′, I m (F, F)′′′, and I p (F, F)′′′. Additional F atoms, if present, do not affect and change these elementary pair-interactions. It should be noted that the increments include the σ-inductive, π-electron back-bonding and through-space nonbonding effects. The former two types of interactions lead to a possible change in aromaticity. Unraveling all these effects is a formidable task. It is fortunate, however, that an almost accurate additivity of the fluorine substituent effects provides important clues how to achieve this goal. For this purpose we need I o (F, F)′′′, I m (F, F)′′′, and I p (F, F)′′′ increments, which are 5.1, 0.5, and 1.6 kcal/ mol, respectively, as obtained by the HF/cc-pVDZ model. Results of the analysis are presented in Table 3 . It appears that the additivity works amazingly well. This is evidenced by the following data: 10.7 (10.7), 7.1 (7.2), 1.7 (1.5), 17.7 (17.9), 13.2 (13.3), 14.2 (14.4), 25.2 (25.6), and 37.6 (37.9) (in kcal/ mol), where additivity values are given in parentheses, for 3, 25, 26, 4, 27, 28, 5, and 6, respectively. The average absolute deviation of the additivity values from the HF results is 0.2 kcal/mol, which is very small indeed.
This has several important consequences. First, the changes in stabilization energies for molecules 2-6 are close to those obtained earlier by eqs 14-19 as easily verified by the data in Table 2 . This lends strong support and credence to the results obtained by homostructural reactions 14-19, which employ model compounds enforced to be planar. Moreover, the energy component analysis provides comparable values (viz., Tables  2 and 3 ). In particular, it follows that the changes in stability induced by fluorination ∆E(n)′′′ are governed by the σ-framework contributions (∆E σ )′′′ (Table 3) . More specifically, a decrease in stability is caused by the repulsive (∆V ee σ )′′′, (∆ V ee π )′′′, (∆V nn σ )′′′, and (∆V nn π )′′′ terms. In contrast, the (∆V ne σ )′′′ and (∆V ne π )′′′ terms are strongly stabilizing as in the parent B. The kinetic energy of the σ-electrons (∆T σ )′′′ is a strong stabilizing factor in polysubstituted fluorobenzenes, but it is counterbalanced by the destabilizing (∆T π )′′′ effect. The total 
27 + 3B ) 4(1) + ∆E(27)′′′ (30)
kinetic energy contribution is practically nil, (∆T σ )′′′ + (∆T π )-′′′ = 0. Perhaps the most important outcome of the isostructural reactions analysis 23-33 is separation of the direct interaction of fluorines from the aromatic effect. Consider the increments I o (F, F)′′′, I m (F, F)′′′, and I p (F, F)′′′. It is well-known that the ortho and para positions behave similarly as far as the electronic effects are concerned, which is reflected e.g. in the electrophilic substitution reactions. This is rather nicely illustrated by the π-back-bonding effect evidenced by the resonance structures (Scheme 1).
There is obviously a drift of some of the π-electron density from fluorine to the ortho and para positions. The meta positions are different in a sense that they remain inactivated by the π-electron resonance effect. Hence, I m (F, F)′′′ ) 0.5 kcal/mol is a consequence of the σ-inductive effect, if it is tacitly assumed that the through-space repulsion can be neglected. Further, I p -(F, F)′′′ ) 1.6 kcal/mol indicates that the π-resonance effect producing negative charge at the para position contributes 1.1 kcal/mol to destabilization, since this is obviously an unfavorable charge distribution for the para placed F atoms. It is supposed here that the inductive effect is the same as for the meta position. It can be concluded that I p (F, F)′′′ represents a decrease in aromaticity relative to two monofluorobenzenes according to eq 25 through the inductive and π-resonance mechanisms. Assuming that practically the same holds for the ortho position, one can ascribe an amount of 3.5 kcal/mol to the effective repulsion of the two vicinally placed F atoms as a consequence of the Coulomb interaction between their lone pairs and nuclei. These repulsions overwhelm the attraction between the electron 
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Analyzing Aromaticity: Fluorobenzenesdensity of one F atom and the positive nuclear charge of the other. They are reflected in the corresponding (∆V σ )′′′ and (∆V π )′′′ repulsion terms (Table 3 ). In spite of the fact that this description is based on a simplified picture, it is useful in rationalizing the results. It is of interest to analyze the trend of changes of various energy terms along the series 2, 23, and 24. We shall start with the ortho derivative and subsequently move one fluorine to the meta and para positions. In other words, 2 is taken as a reference and the changes taking place in 23 are given as follows: In other words, the nuclear-electron attraction is considerably decreased in meta substituted difluorobenzene. This is obvious, since the electron density of the first fluorine in 2 is strongly attracted by the nucleus of the second ortho positioned fluorine and Vice Versa. This interaction is considerably weaker in the meta derivative 23. At the same time there is a substantial decrease in the electron and internuclear repulsions in 23. It is a result of the increased average distance between the electron densities and nuclear charges of F atoms. Since the latter effect prevails, the total sum of potential energy terms is stabilizing, given
This stabilization should be diminished by 0.4 kcal/mol due to increase in the kinetic energy of electrons. Analogously, the corresponding changes for parasubstituted pair of the F atoms read It follows that the ortho, meta, and para effects are results of dramatic changes in particular modes of the intramolecular interactions, although their final sums are rather small. It is amazing that subtle differences in stability of isomers are the result of a delicate interplay of the very strong attractive and repulsive forces between the electron and nuclei.
In view of the additivity of the pairwise F,F interactions, one can generalize these conclusions to polysubstituted benzenes. It is reasonable to assume that the vicinal repulsions of fluorines are additive, which should be subtracted from the ∆E(n)′′′ energies. In this way one can obtain the aromaticity defect ∆E (AD)′′′, which for 2, 23, 24, 3, 25, 26, 4, 27, 28 , 5, and 6 assumes values of 1.6, 0.5, 1.6, 3.7, 0.2, 1.5, 7.2, 6.3, 7.4, 11.2, and 16.6 kcal/mol, respectively. Namely, these numbers yield additional destabilization beyond the effective repulsion of the vicinal F,F pairs(s), which is ascribed to a decreased aromatic stabilization of the multiply fluorinated benzene. In a subset of compounds 3, 4, 5, and 6, where each additional F atom is placed successively to the first available vicinal position, the aromaticity defect in the n-tuple substituted fluorobenzene is practically additive being by 3.7 kcal/mol larger compared to the preceding n -1 fluorobenzene. It follows as a corollary that both the aromaticity defect and through-space fluorine repulsions decrease stability of the fluorobenzenes. Since fluorobenzene 1 is destabilized relative to B by ∆E(1)′ ) 0.6 kcal/mol, we arrive at the following aromaticity defects estimated by taking benzene as a reference: 2.8, 5.5, 9.8, and 20.5 kcal/mol for 2, 3, 4, 5, and 6, respectively. It should be noticed that the aromaticity defect ∆E(AD)′′′ is doubled by each subsequent vicinal fluorination. Taking into account that ∆E(6)-′′′ is 37.6 kcal/mol (Table 3) , one arrives at the conclusion that 6 is less stable than B by 41.2 kcal/mol. This estimate is obtained by taking into account that stability of 6 is gauged against six monofluorobenzenes 1 (eq 33). Namely, each monofluorobenzene is by 0.6 kcal/mol less stable than benzene B. Since the aromatic stabilization of B is -38.3 kcal/mol (eq 11), it follows paradoxically enough that 6 is formally a nonaromatic compound as far as its total stability is concerned and yet it still involves an intrinsic aromatic stabilization of 17.8 kcal/mol. The latter is obtained as a difference between ∆E(ease)′ B of a free benzene (-38.3 kcal/mol) and the aromaticity defect ∆E(AD)-′′′ of 20.5 kcal/mol in 6.
To conclude, the system of isostructural reactions 23-33 provides a simple and intellectually appealing insight into the interplay between aromaticity and pairwise interactions of fluorines in fluorobenzenes. It should be strongly pointed out, however, that eqs 23-33 cannot say anything about aromaticity of benzene B and fluorobenzene 1 itself. For this purpose the model homostructural eqs 11 and 14 have to be invoked.
The Influence of the Electron Correlation and Zero Point Vibrational Energies.
It is generally accepted that the electron correlation does not affect the homodesmotic reaction energies, since there are the same number and type of the electron pairs left and right. A better argument is given by the additivity of the electron correlation energies for molecules well described by the Lewis structures. We have shown that the total electron correlation energy of the closed shell molecules in their ground state could be satisfactorily described by homogeneous multilinear function of the number of polarized neutral atoms in their canonical hybridization states. 52 Performance of the additivity formula was excellent as evidenced by the average absolute deviation from the G3 results (AAD(G3) ) 1.2 kcal/ mol) and the correlation coefficient R 2 ) 0.99998. The same additivity rule mutatis mutandis holds for the MP2 53 and DFT-B3LYP 54 methodologies. Some nonadditivities were found, however, for planar aromatic molecules, where the nondynamical correlation energy of e.g. benzene is lower than that in the open chain polyene counterparts. [55] [56] [57] This is remedied, however, to some extent by the dynamical correlation energy, which is in aromatic molecules higher than that in the zigzag polyenes. In particular, it is shown that the correlation energy obtained as a sum of the nondynamical and dynamical correlations of planar molecules is close to the MP2 correlation energy, provided they are obtained by the CASSCF π and CASPT2 (π)+σ methods. 58 The latter includes all valence electrons in the PT2 procedure. Since the single configuration MP2 method gives very similar results as the multiconfigurational CASSCF+ CASPT2 approach even in planar systems, it will be our method of choice here. It enables, namely, that both planar and nonplanar molecules are treated on the same footing.
The zero point vibrational energies (ZPVEs) belong also to the additive molecular properties, as shown by Schulman, Disch, and others. 59, 60 These findings are corroborated by our simple polarized independent atom model, which proved very useful in reproducing ZPVEs of large variety of small and medium size molecules. 61 In very large systems the additivity formula yields too low values presumably due to anharmonicity effects.
The influence of the correlation energy and ZPVEs, ∆(CORR) and ∆(ZPVE), respectively, is illustrated by the results presented in Table 4 . Let us consider eqs 11 and 14-19 first. It appears that the vibrational effect can be safely disregarded unless the best possible quantitative result is desired. The correlation energy affects benzene and its fluorinated derivatives to a somewhat larger extent by increasing their stability. The largest effect (-4.5 kcal/mol) is found in hexafluorobenzene 6. However, even in this case it amounts to about 10% of the HF destabilization energy, ∆E(HF) 6 ) 41.5 kcal/mol. It is fair to conclude that the HF energies describe more than 90% of the change in energy as a rule. Here, molecules with very small ∆E(HF) values, like e.g. monofluorobenzene (eq 14) are considered as exceptions, since in this case the electron correlation contribution becomes comparable to the change in HF energy. It is very interesting to mention that the ∆(ZPVE) values for homostructural eqs 14-19 are little affected by imaginary vibrations of the planar 1,3-cyclohexadiene 20 and monofluorocyclohexadiene 22, since their imaginary frequencies are 0.5 and 0.4 kcal/mol, respectively. It implies that their absence in the corresponding ZPVEs is completely canceled, because these molecules occur on different sides of the homostructural equations.
Isostructural eqs 23-33 are better designed reactions than homostructural ones, which is confirmed by the negligible ∆-(ZPVE) values and significantly smaller electron correlation corrections ( Table 4 ). The latter are less than 2 kcal/mol in absolute values, the penta-and hexafluoro derivatives 5 and 6 being two notable exceptions.
Concluding Remarks
The main results can be epitomized as follows: (1) Aromaticity cannot be satisfactorily defined by using homodesmotic reactions employing the open chain zigzag polyenes. These reactions are not homostructural and give misleading results, since the intramolecular interactions in the educts and products are not well balanced. Therefore, linear polyenes cannot serve as the reference systems for determining aromaticity of cyclic planar molecules. They should be abandoned as inadequate after their intensive use in the last fifty years.
(2) A better definition of the aromaticity of benzene is offered by homostructural reaction involving cyclic systems such as 1,3-cyclohexadiene and cyclohexene as reference nonaromatic molecules (viz., eq 11). Moreover, these molecules have to be enforced to assume planar backbone geometries (defined by carbon atoms) in order to enable σ/π separation imposed by symmetry. The positions of the heavy atoms in the symmetry plane make possible a clear distinction between the σ-and π-electron networks and the necessary discrimination between the σ-and π-nuclear charges. The stockholder partitioning of the mixed ∆V ee σπ and ∆V nn σπ terms indicates that contributions of the σ-and π-frameworks to the extrinsic aromaticity of benzene ∆E(ease)′ B are -14.8 and -23.1 kcal/mol, respectively, yielding the total value of -37.9 kcal/mol for the HF/cc-pVTZ model, if 1,3-cyclohexadiene is taken as a nonaromatic reference. Similarly, isomerization reactions 12 and 13 yield ∆E (12) ) -34.3 and ∆E (13) ) -26.6 respectively, which appears to be a consequence of the favorable π-electron system.
Obviously, the π-framework exerts a predominant influence according to quite different reaction schemes, which is significant. The influence of the electron correlation and ZPVEs on aromaticity of benzene is rather small. Taking into account both effects one obtains ∆E(ease)′ B ) -41.4 kcal/mol, according to eq 11. Although E(corr) and ZPVE have to be included in more accurate calculations of aromaticity, they are both irrelevant for a qualitative discussion at the conceptual level and in the semiquantitative estimates.
(3) The main reason behind the aromatic stabilization of B is a stronger nuclear-electron attraction leading to lower (more negative) ∆V ne σ and ∆V ne π numerical values.
(4) Fluorination introduces a destabilization into the aromatic benzene system. It is a consequence of the perturbed σ-backbone, which leads to an overall destabilization. In contrast, the π-framework is a stabilizing factor, but to a lesser extent.
(5) Judiciously selected isostructural reactions par excellence 23-33 reveal a remarkable additivity of the substituent effects in polysubstituted fluorobenzenes. It is accurate enough to enable delineation of the aromatic defects and repulsions of F atoms, in particular those assuming vicinal positions. It turns out that the aromaticity defect increases almost linearly (by factor 2) with the increase in the number of F atoms placed sequentially at the vicinal positions in systems 3-6. Both effects act in concert, and both arise due to increased electron and nuclear repulsions. The nuclear-electron attractions contribute to the stability of fluorobenzenes, but to a lesser extent. The influence of the total kinetic energy of all σ-and π-electrons is practically negligible.
(6) The present analysis conclusively shows that homodesmotic reactions should be used with extreme care in studying molecular features resulting from some specific intramolecular interactions. The homostructural reactions should be preferred, since the intramolecular interactions are better balanced between educts and products. A caveat emptor should be issued, however, since there are no ideal homodesmotic (or homostructural) reactions. They have to be cautiously selected, so that intramolecular interactions between the studied molecular system and model compounds are matched as close as possible. In particular, 1,3-interactions should be balanced as conclusively shown by Schleyer and co-workers. 49, 50 The best solutions are offered by isostructural reactions, since the fitting of the structures left and right is optimal.
Partitioning of the stabilization energies into the σ-and π-components is a very delicate problem. It cannot be realized in a unique way. Stockholder partitioning seems to be the most realistic one, but in order to prove useful, it should offer a satisfactory description of various substituents exerting different σ-and π-effects. This has to be better investigated.
The question arises whether aromaticity is a notion so vaguely defined that it exists only in the (educated) eyes of a beholder, or it can be specified in a more impartial and unbiased way. 62 Correlation energies, ∆(CORR) are given as difference between total energies calculated on MP2(fc)/cc-pVDZ//HF/cc-pVDZ and those obtained by HF/cc-pVDZ model.
